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Background. The relative contributions of decreases in maximal heart rate, stroke volume, and oxygen extraction and of changes in body weight and composition to the age-related decline in maximal oxygen uptake (Vo2max) are unclear and may be influenced by sex and level of physical activity.
Methods and Results. To investigate mechanisms by which aging, sex, and physical activity influence Vo2max , we quantified Vo2, cardiac output, and heart rate during submaximal and maximal treadmill exercise and assessed weight and fat-free mass in healthy younger and older sedentary and endurance exercise-trained men and women. For results expressed in milliliters per kilogram per minute, a three-to-four-decade greater age was associated with a 40-41% lower Vo2max in sedentary subjects and a 25-32% lower Vo2max in trained individuals (p<0.001). A smaller stroke volume accounted for nearly 50%o of these age-related differences, and the remainder was explained by a lower maximal heart rate and reduced oxygen extraction (allp< 0.001). Age-related effects on maximal heart rate and oxygen extraction were attenuated in trained subjects (p<0.05). After normalization of Vo2max and maximal cardiac output to fat-free mass, age-and training-related differences were reduced by 24-47% but remained significant (p<O.OS). For trained but not sedentary subjects, maximal cardiac output and stroke volume normalized to fat-free mass were greater in men than in women (p<O.OS).
Conclusions. A lower stroke volume, heart rate, and arteriovenous oxygen difference at maximal exercise all contribute to the age-related decline in Vo2max. Effects of age and training on Vo2max, maximal cardiac output, and stroke volume cannot be fully explained by differences in body composition. In sedentary subjects, however, the sex difference in maximal cardiac output and stroke volume can be accounted for by the greater percentage of body fat in women than in men. (Circulation 1992; 86:494-503) KEY WoRDs * body composition * cardiac output * maximal oxygen consumption * stroke volume M aximal oxygen uptake (Vo2max) declines with age.'-6 Although the rate of this decline is estimated to be =10% per decade in sedentary subjects,1-4 some investigators have reported that neither stroke volume nor maximal cardiac output decreases with advancing age,78 and others have found no evidence of reduced oxygen extraction in older versus younger individuals.9 Thus, the role of a lower stroke volume and arteriovenous oxygen difference in explaining the age-related decline in Vo2max is controversial.6-14 The discordant results of previous studies may be related, in part, to differences in sex, level of physical activity, weight, and body composition of the subjects.13-'6 Therefore, it is important to characterize the effect of age on physiological responses to exercise in the context of these factors. To investigate the mechanism of the age-related decline in exercise capacity, we measured oxygen uptake, cardiac output, heart rate, and other cardiovascular responses to submaximal and maximal treadmill exercise in healthy sedentary and endurance exercise-trained younger and older men and women. To delineate the extent to which age-related effects on exercise capacity, maximal cardiac output, and stroke volume may be accounted for by differences in body composition, we estimated fat-free mass in the same individuals from measurements of body weight and density. Age-related differences in Vo2max, maximal heart rate, stroke volume, and arteriovenous oxygen difference were quantified in subjects of the same sex and training status and, when appropriate, were expressed in relation to both weight and fat-free mass.
Methods

Subjects
We studied 110 healthy subjects. Participants were categorized on the basis of age, sex, and training status into the following eight groups: 14 sedentary men aged 27±3 years (mean±SD), 13 
Effect ofAge
Vo2max, unadjusted for differences in weight and fat-free mass among subject groups, was 28-37% lower in older than in younger subjects (p<0.001) ( Table 1) . In trained subjects, the difference in maximal cardiac (Table 3) reduced the average magnitude of the age-related effect to only 17% (range, 16-20%) (p<0.001), suggesting that up to one third of the difference between younger and older people may be a result of the greater adiposity of the older individuals.
Stroke volume, unadjusted for weight or body composition, was an average of 14% smaller (range, 8-20%) in older than in younger subjects at maximal exercise (p<0.01) ( Table 2 ). The difference between the younger and older groups averaged 19% (range, 17-22%) (p<0.001) for results normalized to weight but was no longer present in sedentary subjects and was reduced to 9-13% in trained individuals after normalization to fat-free mass (p<0.001) ( Table 3) .
Body Composition and Training Status Effects
Physically conditioned individuals tended to weigh less and were significantly leaner (p<0.001) than their sedentary counterparts ( Table 1 ). The 38-75% difference in maximal oxygen uptake between groups of trained and untrained subjects was reduced by nearly one third but remained highly significant (p<0.001) after data were normalized to fat-free mass (Table 1) . For maximal cardiac output, the average difference between groups of physically conditioned and sedentary subjects was 39% (range, 26-57%) for results normalized to weight (p<0.001) ( Table 3) but only 25% (range, 14-37%) for data expressed in milliliters per kilogram fat-free mass per minute (p<0.01) (Table 3) . Exercise training was associated with a 40% larger stroke volume per kilogram of body weight (range, 27-53%) than was found in sedentary subjects (p<O.OOl). Expression of results in terms of fat-free mass reduced the average difference to 25% (range, Cardiac output is expressed in milliliters per kilogram per minute. For physiological variables, the percent difference between younger and older subjects of corresponding sex and training status is given on the first line (% A age), and the percent contribution of the same variable to age-related differences in maximal oxygen uptake and cardiac output is given on the second and third lines (% A Vo2max and % A Q, respectively).
*The percent contribution of the arteriovenous oxygen difference is given relative to cardiac output. Therefore, the sum of contributions of arteriovenous oxygen difference, maximal heart rate, and stroke volume to age-related differences in Vo2max slightly exceeds 100%.
9-34%) (p<O.OO1). However (Tables 2 and 3) were very similar to those for maximal cardiac output.
Blood Pressure and Total Peripheral Resistance
The smaller exercise stroke volume in older versus younger subjects was associated with higher values for blood pressure and total peripheral resistance (p<0.05 to p<O.OO1) (Figures 5 and 6 ) regardless of sex or training status. However, the age-related effect on systolic pressure during exercise of similar relative inten- Blood pressure at a similar relative work rate was not significantly influenced by training status except in women during heavy exercise. Younger trained women had a higher systolic pressure at maximal effort than their sedentary peers (p<0.05), whereas older trained women had a lower blood pressure at 75% and 100% of Vo2max than their untrained counterparts (p<0.05). Total peripheral resistance at a given relative work rate was lower in all groups of trained than in untrained subjects (p<0.01).
Systolic and mean blood pressures at equivalent relative exercise intensities were lower in young women than in young men, regardless of training status (p<0.05 top<0.001) ( Figure 5 ). In older subjects, a sex effect on blood pressure was not observed in sedentary individuals but was evident in trained subjects at 75% and 100% of maximal effort (women less than men; p<0.01). Women had a higher total peripheral resistance than men (p<0.05 to p<0.001) at all levels of exercise ( Figure 6 ).
Stroke Work
Unlike stroke volume, stroke work at maximal exercise (Tables 2 and 3 ) was not consistently influenced by age because of the higher blood pressure in older individuals. Exercise stroke work was greater in all groups of physically conditioned than in sedentary subjects except older women (p<0.05 top<0.001). Men had higher stroke work values at maximal exercise than women (p<0.001) regardless of age or training status.
More than half of this sex difference was accounted for by the greater weight of men. After normalization of results to fat-free mass, a sex effect was no longer present in older sedentary people, but in trained individuals and younger sedentary subjects, stroke work at maximal exercise was =20% greater in men than in women (p<0.01).
Discussion
Our findings provide evidence that the decline in Vo2max with age is related primarily to a lower maximal cardiac output. Although a slower maximal heart rate accounts for a portion of this effect, a smaller stroke volume is of greater importance. These results are in agreement with the data of Julius et al0 showing that stroke volume during heavy treadmill exercise is smaller in sedentary subjects in their sixth or seventh decade than in those aged 18-34 years. Our data are also consistent with the findings of Port et al23 that left ventricular ejection fraction is lower in older individuals than in younger persons during peak cycle ergometer exercise. In contrast, Becklake et al7 observed that stroke volume is higher in older than in younger men during peak cycle ergometer work, but they found no effect of age on exercise stroke volume in women. Even more surprisingly, Rodeheffer et a18 reported that peak cardiac output during cycle ergometer exercise does not decrease with age. In the latter study, a larger left ventricular end-diastolic volume more than compensated for the lower left ventricular ejection fraction in older individuals, and peak cardiac output during cycle ergometer work was similar in younger and older people. However, younger and older subjects were not matched by sex or level of physical activity, both of which have significant effects on left ventricular end-diastolic volume, stroke volume, and cardiac output during exercise. [13] [14] [15] 22 In addition, a number of the older subjects in the Rodeheffer study had an elevated resting systolic blood pressure, which possibly explained their greater left ventricular end-diastolic volume. Finally, oxygen uptake was not measured in the latter investigation, although the peak power output was lower in the older group. Thus, it is likely that Vo2max was also reduced in these older individuals. Multiple investigations, including the current one, indicate that differences in Vo2max between 25-and 65-year-old sedentary subjects of the same sex are approximately 40%.134 If maximal cardiac output is not influenced by age, then the arteriovenous oxygen difference at maximal exercise also would have to be 40% lower in older individuals to account for their 40% lower Vo2max.
A 40% decrease in arteriovenous oxygen difference from values of 15-16 ml/100 ml blood typically observed in young healthy subjects at peak exercise14,24 would result in a peak arteriovenous oxygen difference of 9-10 ml/100 ml blood in older individuals under these conditions. Such values are well below those actually found in even the most sedentary older persons. The magnitude of age-related effects on Vo2max, maximal cardiac output, and stroke volume was greatest for data normalized to weight and least for results expressed in terms of fat-free mass. Because the capacity for high-intensity, weight-bearing exercise is thought to be most closely approximated by Vo2max expressed in milliliters per kilogram per minute, these data suggest that a significant portion of the difference in maximal exercise responses between younger and older subjects can be attributed to the larger mass of adipose tissue in the latter group. Even after normalization of results to fat-free mass, however, Vo2max, maximal cardiac output, and stroke volume were an average of 24%, 17%, and 8% lower, respectively, in older than in younger individuals. These findings provide clear evidence that age-related effects on cardiovascular function during maximal exercise cannot be explained entirely by differences in body composition and weight.
The smaller stroke volume observed in older subjects at maximal exercise was associated with a higher mean blood pressure in women and sedentary men. For these groups, stroke work in the older subjects was equal to explained by the absence of an age-related decline in stroke volume in the physically conditioned group.13 In contrast, the current investigation demonstrates that stroke volume at maximal exercise is lower in older than in younger trained men. The most likely explanation for this discrepancy is that the present group of 63-year-old men was several years older and exercised less strenuously and frequently than the competitive master athletes studied earlier. Support for this explanation is provided by the fact that the Vo2max of the current group was nearly 20% below that of the subjects in the previous studies.313 However, we cannot rule out the possibility that the dissimilar stroke volume results are caused by a difference in techniques used to measure cardiac output. In the current investigation, cardiac output was measured at maximal exercise by the acetylene rebreathing technique. In the earlier studies, stroke volume at maximal exercise was estimated from determinations of cardiac output made during submaximal work by the CO2 rebreathing technique. The present stroke volume results are consistent with data of Rivera et a16 obtained by the acetylene rebreathing technique to measure cardiac output in a group of runners similar in age and Vo2max to the older trained participants in the current investigation.
Stroke volume and cardiac output at maximal exercise were lower in women than in men, even after normalization to weight. Normalization of results to fat-free mass eliminated the sex difference entirely in sedentary subjects and substantially reduced it in trained individuals. Thus, the sex difference is largely a result of the greater percentage of body fat in women. However, there were sex differences in mechanisms by which exercise capacity was enhanced in conditioned versus sedentary subjects. Training status had a larger effect on stroke volume and maximal cardiac output but a smaller effect on maximal arteriovenous oxygen difference in men than in women. Sex differences in the nature and magnitude of adaptations to training were particularly evident in older subjects. These findings are consistent with data of Scheuer et a133 and Schaible et a134 that sex and sex hormones may influence cardiac function and the nature of training-induced cardiac adaptations in rats.
Hossack et al14 found that age-related differences in maximal oxygen uptake, cardiac output, and heart rate were greater in men than in women. Our results are consistent with these data if absolute differences in Vo2max and maximal cardiac output are compared. However, younger men had higher values for Vo2max and maximal cardiac output than younger women. In percentage terms, there was no significant effect of sex on age-related differences in exercise capacity, maximal heart rate, or stroke volume. Nevertheless, we observed a larger decrease in stroke volume as exercise intensity was increased from 50% to 100% of Vo2max in older sedentary women than in the other groups of subjects. There was also a greater influence of age on exercise blood pressure of women than men regardless of whether absolute or percentage changes were compared. Studies from other laboratories indicate that the prevalence of left ventricular hypertrophy is greater in older women than in older men.27 Recent data from our laboratory suggest that the age-related increase in exercise blood pressure of women may be partly a consequence of estrogen deficiency.18 Limitations We cannot rule out the possibility that the crosssectional design of this study may have introduced selection bias. The potential for this confounding effect is likely to be greatest in older subjects because cardiovascular and other forms of chronic disease are present in more than 50% of such individuals.35'36 Although the inadvertent selection of older subjects with cardiovascular disease could spuriously enhance the magnitude of effects attributed to aging per se, a number of precautions were taken to minimize this possibility. Smokers and subjects with a resting blood pressure above 140/90 were specifically excluded. Signs or symptoms of cardiovascular disease identified by medical history, physical examination, or maximal exercise testing were also criteria for exclusion. Approximately 30% of older sedentary subjects screened during the 2-year recruitment period for this study were excluded for these reasons. Because only healthy individuals were recruited, few subjects with symptoms of cardiovascular disease volunteered to participate. Thus, the total percentage of potential participants who either did not volunteer or were excluded during the screening process is likely to approach the more than 50% of individuals in this age group expected to have cardiovascular disease. It is conceivable that some older subjects, particularly those in the trained groups, were genetically endowed with superior health or cardiovascular function that would tend to minimize the observed effects of aging. However, the difference in Vo2max values of younger and older subjects of the same sex and training status is similar to that reported in a number of previous investigations.1-4.6.14 Therefore, there is no good evidence that our results can be attributed to selection bias. Nevertheless, longitudinal studies continuing over several decades will be necessary to quantify with certainty the effect of aging on cardiovascular function during exercise.
In summary, our results indicate that increased age is associated with a lower Vo2max and maximal cardiac output. Nearly half of the age-related difference in Vo2max is explained by a smaller stroke volume and the remainder by a lower heart rate and arteriovenous oxygen difference at maximal exercise. The relative magnitude of these differences is similar in men and women. However, endurance exercise training may attenuate age-related decreases in maximal heart rate and arteriovenous oxygen difference. Age-and trainingrelated effects on Vo2max, maximal cardiac output, and stroke volume cannot be fully accounted for by differences in body composition. The effect of sex can be explained on this basis in sedentary but not trained subjects.
